The problem of metal-insulator transition is considered. It is shown that the Mott criterion B ( c ) 1/3 ≈ 0.25 is applicable not only to heavily doped semiconductors but also to many other materials, including some transition-metal compounds, such as vanadium oxides (particularly, VO 2 and V 2 O 3 ). The low-temperature transition ("paramagnetic metal-antiferromagnetic insulator") in vanadium sesquioxide is described on the basis of this concept in terms of an intervening phase, between metal and insulator states, with divergent dielectric constant and effective charge carrier mass. Recent communications concerning a possible "metalinsulator transition" in vanadium pentoxide are also discussed.
Introduction
Strongly correlated transition metal oxides exhibiting metalinsulator transitions (MIT) are currently considered as basic functional materials of oxide electronics [1] . That is why the theoretical models describing MITs are of such importance. Vanadium oxide Magneli phases, forming the homologous series V O 2 −1 (3 ≤ ≤ 9), may be considered as intermediate structures between the end members VO 2 ( → ∞) and V 2 O 3 ( = 2). With one exception (V 7 O 13 ), the vanadium Magneli phases exhibit MITs [2] as functions of temperature-see Figure 1 and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
In recent years, a number of papers [4] [5] [6] have appeared concerning a "metal-insulator transition" in V 2 O 5 [3] . Here, we do not intend to dispute scientific aspects of these works, and the object of our discussion will be different. The fact is that the term "metal-insulator transition", particularly with respect to vanadium oxides (and not only to these-generally to a variety of transition metal oxides and related materials [7] ), has long been used in the scientific literature to describe quite a certain class of phenomena and experimental facts. Thus, in this paper we will comment on the aforecited references [4] [5] [6] , with a more detailed discussion than that in our brief note [3] , in view of the problem of MITs in vanadium oxides. Also, the MITs in V 2 O 3 are discussed, and an attempt is made to describe them in terms of a model based on the Mott criterion concept, developing some ideas of our previous work [7] . However, first, in Section 2.1, we have to acquaint a reader with the main general points of discussion and recall some results obtained earlier for vanadium dioxide and other related materials.
Mott Metal-Insulator Transitions in Vanadium Oxides

Strongly Correlated Systems and Mott Transition.
At present, there is no unified approach to interpret the electronic properties of transition metal oxides [8] . The band theory and the crystal field theory are the two limiting descriptions of the outer electrons in solids, and the essence of difference between metals and insulators can be understood in terms of these two models. For example, in the elementary band theory, when atoms are combined to form a macroscopic bulk sample with primitive unit cells, each electron energy level per unit cell gives rise to electron states in the energy band of a crystal. Whether the material will be a metal or an insulator depends on whether the band is filled partially or completely, or whether or not the two bands will intersect. In the semiconductor state, the number of charge carriers can be increased by adding an impurity, and when the dopant concentration exceeds a certain value ( c ), a semiconductor undergoes a Mott MIT [9] into a metal state. Similar consideration is applicable to other compounds of variable composition, such as, for instance, high-temperature superconductors HTCS [8] . The value of c is given by the well-known relation, the Mott criterion
where B is the effective Bohr radius for the charge carrier localization on an impurity ion.
As was repeatedly noted previously [7, 10] , the Mott criterion expressed by (1) proved to be very successful in describing MITs in various ordered systems, doped semiconductors [8] [9] [10] [11] , and transition metal compounds [7] included (see Figure 2 and Table 1 ). The Hubbard model suggests that "interactions between electrons are accounted for, via the repulsive Hubbard term, only when they are on the same site" [11] . Then Anderson has shown that, for disordered systems, at a certain degree of disorder, all the electrons would be localized, which renders the system nonconducting [11, 14] . In compounds exhibiting a temperature-or pressure-induced MIT, instead of the one caused by doping (substitution) or disorder, the Mott transition theory is rather more sophisticated [7] [8] [9] [10] [11] . As compared with the above simple picture for doped semiconductors, some new important phenomena are observed in compounds of and elements. For example, transition metal compounds containing atoms with unfilled -shells form complex systems of phases with multiple oxidation states and mixed valence. These compounds belong to a class of strongly correlated systems, and strong electronelectron correlations are associated with a specific behavior of -electrons. Since the -bands are narrow, the energy of electron-electron Coulomb interactions is of the order of the bandwidth (and, hence, the electron kinetic energy), that is, ∼ . It is commonly accepted by now that strong correlation effects are responsible for some unique properties of such materials as HTCS cuprates, materials with metal-insulator transitions, heavy-fermion superconductors, ferromagnetic perovskites with colossal magnetoresistance, and so forth. Another well-known example of the influence of correlation effects on the band structure is a "correlated insulator" (NiO, e.g.). Insulators of this type are also known as Mott insulators, for it was Mott's suggestion that electron repulsion is responsible for a breakdown of normal band properties for the -electrons, which was later formalized in the Hubbard model [9, 11] . Note that high-and low-temperature phases of vanadium sesquioxide doped by chromium to ca 1 at.% ( Figure 3 ) are just the ones representing, amongst others, such Mott insulator phases [9] .
As far as vanadium oxides concerns, it has been shown [7] that, in the case of vanadium dioxide, as well as for a high-temperature transition "paramagnetic insulator-paramagnetic metal" in vanadium sesquioxide, the relation (1) is completely fulfilled.
In particular, for vanadium dioxide, the value of the critical density c is of the order of -the equilibrium electron density in the conduction band of VO 2 in the lowtemperature semiconducting phase at → (where is the transition temperature, ∼340 K for vanadium dioxidesee Figure 1 ). Next, = ℏ 2 / 2 * , where and * are the dielectric constant and effective mass, respectively. For = 100 and * = 3 [7, 12] , this yields B = 1.77 nm in vanadium dioxide, and the product of B and ( c ) 1/3 turns out to be just that as predicted by (1)-point 13 in Figure 2. 
Vanadium Sesquioxide.
It is really noteworthy that the Mott criterion (1) works in the case of vanadium dioxide and a PI-PM transition in vanadium sesquioxide (see rows 13 and 14 in Table 1 , as well as corresponding points in Figure 2 ) and not Table 1 ). Only some representative materials are included; other examples one can find in [7, 10] . Straight line corresponds to (1). However, in the case of a low-temperature AFI → PM transition in V 2 O 3 , the situation becomes more complicated. For this transition, as was shown in [7] , the product of B and ( c ) 1/3 is far less than 0.25 ( Figure 2, point 15) ; that is, the Debye screening length D,quant is far in excess of B , which suggests that the Mott transition to a metallic state would seem hardly probable. On the other hand, in a classic case, the screening length can be written as
where B and 0 are the Boltzmann and vacuum permittivity constants and corresponds to the value of c for the transition point. In this case one still obtains D > B , because, for = = 170 K (see Figure 3) , (2) yields D = 5.6 nm, while B is equal to only 1.2 nm (this quantity can be obtained for V 2 O 3 from calculation similar to that carried out for VO 2 above but with * = 9 and = 200 [7] ). Generally, expressions of the type D = (where is the electron localization radius, for instance, B ) or = (where and are the kinetic and potential electron energies, resp.) are nearly equivalent to the Mott criterion given by (1): see, for example, discussions in the works [12, 20] related to this issue. Note that the value of B is determined by the dielectric constant and effective mass. Unfortunately, we do not know the exact values of and * near the phase transition because of their divergence (or unrestricted growth), and probably that very factor is responsible for the fulfillment of the equality D = . This situation is illustrated in Figure 4 which suggests that an increase of = B due to increased close to the MIT, as well as a decrease of D due to increased , would result in the intersection of the two curves at the transition point. These speculations show that the low-temperature AFI → PM transition in V 2 O 3 might also be described from the position of the Mott MIT. In other words, the dependence B ( ) in Figure 4 can account for the fulfillment of relation (1) in the case of the transition from AFI to PM in chromiumdoped vanadium sesquioxide and solve thereby the problem with this transition formulated in the work [7] .
Thus, we come to a conclusion that the MITs in some lower vanadium oxides, namely, VO 2 and V 2 O 3 , might be fairly satisfactory described in terms of the Mott transition model. It is to be noted that the relations between structural and electronic properties should be taken into account when describing an exact MIT mechanism both in these oxides and in other vanadium Magneli phases [21] . Structural aspects are of particular importance, for instance, in VO 2 where the MIT is often described in terms of a "Mott-Peierls" (or correlation-assisted Peierls) transition [22, 23] , as well as in V 7 O 13 where neither of the two mechanisms (i.e., electron correlation effects or Peierls-like structural instabilities) is strong enough to induce a transition [21] .
Vanadium Pentoxide: Is There a Metal-Insulator Transition in This Highest-Valence Vanadium Oxide?
Now, returning to the problem of a possible MIT in the highest vanadium oxide, V 2 O 5 , we should say that the above-described picture exploded when we learned [3] about a "metal-insulator transition in vanadium pentoxide" [4] [5] [6] . This oxide is not a member of the Magneli V O 2 −1 series, and it has ever been known as a semiconductor with the band gap width of ∼2.2 eV [8] exhibiting no trend to a transition into metallic state. Here the point is that we are dealing with a change in phase composition, which is not the same thing. We are presented with a phase transition of vanadium pentoxide upon heating up to ∼280 ∘ C [5] into some other vanadium oxide phases, exhibiting metallic properties at these temperatures, as purportedly an MIT in V 2 O 5 . Actually, the transformation described in the article [5] is neither a temperature-induced MIT, nor is it even a composition-induced MIT as, for For more detailed discussion of the D dependence on see [7] . A region of phase coexistence (termed as an "intermediate state" [12] or a "strongly correlated metal" [13] in case of VO 2 ) with a divergent effective mass is also shown.
example, a transition "
This transformation is associated with a reduction of V 2 O 5 , we repeat once more, to lower oxides: "when V 2 O 5 is subjected to high temperature, the material loses oxygen. This induces a structural inhomogeneity, resulting in a mixing of phases such as
. Such a misunderstanding seems to originate from the work [24] where experiments on memory switching in thinfilm V 2 O 5 -based structures have been described. To interpret the results of these experiments, the authors of [24] put forward a hypothesis of some "glass-to-metal" transition in amorphous vanadium pentoxide. Afterwards, in the literature, this assumption somehow transformed into an idea of an MIT in V 2 O 5 which was further widely circulated (with no efforts to delve into the problem) and much referred to. The reference was first made in [25] (just as with an MIT in V 2 O 5 at = 257 ∘ C), followed by a few refutations [26, 27] . The subject could have seemed exhausted. Meanwhile, in the papers [28] [29] [30] [31] [32] [33] , we have again encountered the same statement (and again with references to either [24] or some other old works) and, finally, it has been reported on an "MIT in V 2 O 5 , " as it is asserted in the titles of the articles [4, 5] .
One cannot but admit that everything is correct in those articles (as to the results presented), but entering such terms in the article titles seems to be not quite appropriate. There is certainly no metal-insulator transition in vanadium pentoxide in the commonly accepted sense discussed above. If one even would try to put a corresponding point in Figure 2 , it will just exceed the bounds of the figure, well below the abscissa axis, solely because of too low carrier density in dielectric V 2 O 5 .
Conclusion
In conclusion, it is shown in the present study that the Mott criterion is applicable not only to heavily doped semiconductors but also to many other compounds, including such materials, important for the MIT problem on the whole, as vanadium oxides, particularly, VO 2 and V 2 O 3 . In order to verify model approximations introduced in this article, additional experimental data are likely to be needed. Obviously, further studies seem to be of importance, focused on thorough measurements of the dielectric constant, effective mass, and carrier mobility values of both vanadium oxide Magneli phases [21, [34] [35] [36] [37] and other strongly correlated -andcompounds undergoing Mott metal-insulator transitions.
The problem of effective mass is of especial importance. We recall that the value of * is necessary in order to calculate the effective Bohr radius B in the Mott criterion (1). Meanwhile, the accurate charge carrier effective mass values are not always known in case of strongly correlated transition metal compounds. Even for the much-studied vanadium dioxide, the experimental values obtained by various authors differ nearly by an order of magnitude [36] . The difficulties and vagueness while determining an effective mass are well known; these are due to both the quality of a sample and the measuring technique. Optical methods (from measurements of the plasma frequency) and electrical (transport) measurements yield as a rule two different magnitudes, which is no wonder, since the values of * of DOS (density of states) and the band effective mass should not necessarily coincide [13] . Furthermore, in anisotropic substances, this physical quantity depends on direction. An approach to calculate the effective masses in vanadium oxide Magneli phases has been developed in [36] ; however, more efforts, both theoretical and experimental, are needed in this direction.
As to the MIT in vanadium pentoxide [4-6, 25, 28-33] , it should be emphasized once again that the scientific importance and correctness of results of the works [4, 5] are certainly beyond question, just we would suggest do not use the term "metal-insulator transition", for this is confusing in such a context, as we have tried to show in Section 2.3. The aforesaid, however, does not abolish a feasibility of a temperatureinduced MIT in nonstoichiometric [38] 
For example, in vanadium dioxide, doping with tungsten to ca. 10-15 at.% leads to metallization without the material heating up to = [39] . However, this situation is not the same as that described in the work [4] for vanadium pentoxide, because the material (VO 2 ) does not transform into another vanadium oxide Magneli phase under such an alloying.
Finally, we would like to reiterate the idea that we have started this paper with; that is, the problems discussed here are not of solely abstract scientific interest, but they are of importance from the practical viewpoint too, since the materials exhibiting MIT find an application for a lot of various electronic and optical devices. It is appropriate here to quote an excerpt from the review [1] , where the authors "discuss the exploration of correlated oxide phase transitions in novel electronics, photonics, and related devices. Although this area has intrigued researchers for several decades ever since the original observation of MIT in oxides, the twentyfirst-century grand challenge of continued innovation in information processing sciences beyond CMOS scaling creates an opportunity to seriously consider alternate computing vectors that may offer unique advantages". Particularly, vanadium dioxide can be used as a material for thermochromic indicators, optical filters and controllers, bolometers, thinfilm transistors and switches, and many other optical and electronic devices.
Note that vanadium pentoxide has also drawn considerable interest in the past decades due to multiple potential applications such as electrochromic devices, optical switching devices, reversible cathode materials for Li batteries, and gas sensors [32] . Also, V 2 O 5 exhibits thermochromic properties, likewise VO 2 . It should be stressed however that the thermochromic and photochromic effects in vanadium pentoxide are both due to a reversible hydrogen injection-extraction [40] , and, hence, thermochromism in V 2 O 5 is not associated with an MIT as it is mistakenly stated, for example, in the work [29] . Recently, vanadium pentoxide was synthesized in the form of nanowires, nanorods, and nanofibers [6, 32] . The potential use of such V 2 O 5 nanoobjects provides excellent possibilities for designing new electronic and optoelectronic nanodevices. That is why the question about an MIT in V 2 O 5 is of especial scientific interest and practical importance.
